Lately, advances on biotechnology have led to the emergence of plants as bioreactor for the production of molecules of industrial, pharmaceutical and agribusiness interests. One of the major advances was the exploitation of plant viruses as "amplifier" for the protein production. This amplicon technology relies on viral vector engineered to contain a gene encoding candidate protein that is produced in significant quantities during virus replication. To date, only few of these virus tools are developed for monocot species. Here, we set up experimental approaches to develop the first amplicon tool based on the Rice yellow mottle virus (RYMV) to be used on rice. We showed that inoculated 4-week-old leaves display the most important RYMV initial replication and retained this tissue for protein of interest production from RYMV amplicon. We engineered RYMV tool based on highly replicative RYMV Mg1 isolated with GFP gene of interest replacing Coat Protein ORF. Replication of RYMV amplicon was optimized in inoculated rice leaves by adding an RYMV helper to complement RYMV amplicon with CP. This work identify for the first time a viral amplicon tool active in rice offering promising perspectives for the use of rice as bioreactor for the production of high value proteins.
INTRODUCTION
In recent years, advances have been made in the use of plants as bioreactor to produce proteins of interest such as vaccine antigens, industrial, pharmaceutical and agribusiness proteins. The rapid growth of these technologies is mainly due to their low production cost, their product safety and their easy scale-up compared to *Corresponding author. E-mail: severine.lacombe@ird.fr. Tel: 00 33 4 67 41 62 39.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License others production systems based on bacteria, yeast or mammalian cells. Altogether, plants offer attractive advantages in production of recombinant proteins. Several plant species including tobacco, a related species Nicotiana benthamiana and lettuce can be used based on their ability to be stably or transiently transformed (Daniell et al., 2009) . While most of the early research works was carried out with stably transformed plants, in the recent years there has been a growing trend towards the use of transient expression systems. Indeed, Agrobacterium infiltration based systems (agroinfiltration) offer the chance of getting large amounts of proteins in days after infiltration rather than the months necessary for transgenic expression (Fischer et al., 1999) . One of the major constraint in these transient gene expression plant based systems is the relatively limited product yield. Indeed, setting up production systems leading to expression level that is acceptable for economic production (> 50 mg/kg for antibodies) are not trivial process. One of the most effective advances in yield improvement has been made with the development of viral vectors for the expression of proteins in plants: Amplicon technology. This process relies on the direct or indirect delivery of viral RNA replicons to plant cells. Once introduced in a host plant cells, a virus engineered to contain a gene of interest will replicate and the protein of interest can be produced in significant quantities (Gleba et al., 2007) . This method has been shown to work with numerous proteins. Viral vectors used have been mostly derived from Tobacco mosaic virus (TMV), Potato virus X (PVX) and Cowpea mosaic virus (CPMV) combined with host plants such as tobacco, N. benthamiana and cowpea (Daniell et al., 2009 ). Due to their high efficiency, most of these amplicon-based technologies are patented (www.pbltechnology.com).
In addition to be highly replicative in plant cells, virus genomes are also the target of RNA silencing set up by plants in response to introduction of foreign nucleic acid. This property has been used to develop an efficient tool for gene function studies: Virus Induced Gene Silencing (VIGS) technology. By inserting a fragment of the gene of interest into VIGS vectors, the corresponding RNA is selectively degraded during virus infection resulting in transient silencing of the targeted gene (Baulcombe, 1999) . Consequently, depending on how it is engineered, vectors based on a same virus can be either used as amplicon or VIGS tools such as TMV and PVX based vectors (Kumagai et al., 1995; Turpen at al., 1995; Mallory et al., 2002; Angell and Baulcombe, 1999) .
To date, there is no one universally suitable production system or host. Initially, viral based biotechnological tools were almost exclusively developed for uses on dicotyledonous species. Until now, no amplicon vectors exist for routine uses in monocot. VIGS vectors based on Barley stripe mosaic virus (BSMV) and Brome mosaic virus (BMV) were developed for barley, wheat, rice and maize (Holzberg et al., 2002; Tai et al., 2005; Ding et al., 2006) . However, these tools are based on multipartite viruses and are consequently not fully adapted for easy and routine uses.
Rice yellow mottle virus (RYMV) is a monopartite positive strand RNA virus belonging to Sobemoviruses. RYMV is endemic to Africa where it is one of the major pathogen for rice production. Transmission occurs mainly by contact between infected and uninfected plants and by insect vectors (mainly beetles). It is detected in most ricegrowing areas, especially East and West Africa (Kouassi et al., 2005) . Natural susceptibility, tolerance and resistance to RYMV have been described in the two cultivated rice species, that is, Oryza sativa (Asian rice) and Oryza glaberrima (African rice) (Thiémélé et al., 2010 , Pidon et al., 2017 , Albar et al., 2003 , Orjuela et al., 2013 . RYMV genome of 4.5 kb is one of the smallest described for RNA viruses. Its 3' end is non poly(A). It encodes five Open Reading Frame (ORF) (Ling et al., 2013) . Except for ORFx that has been characterized recently (Ling et al., 2013) , functions of the four others are well known. ORF1 encodes for P1 protein that has been initially described to be involved in virus movement (Bonneau et al., 1998) and then in RNA silencing suppression (Voinnet et al., 1999 , Siré et al., 2008 Lacombe et al., 2010) . ORF2a and 2b encode for polyproteins that are processed to produce the RNA dependent RNA Polymerase (RdRP), the VPg and a serine protease. VPg protein is linked to the viral genome at its 5' extremity and interact with the host translation initiator unit eIF(iso)4G. This interaction would be involved in the ribosome recruitment for translation (Hébrard et al., 2010) . ORF3 encoded for the Coat Protein (CP) that is essential for viral particle formation and thus for virus propagation. A RYMV infectious clone has been synthetized under T7 RNA polymerase promoter from an isolate from Côte d'Ivoire, Fl5. Using CP mutants on this RYMV infectious clone, it has been shown that CP is dispensable for local replication but required for systemic infection (Brugidou et al., 1995) . ORF1, 2a and 2b are translated from genomic RNA while ORF3 is translated from subgenomic RNA. Because of its relative simple genomic organization, the deep functional characterization and possibility to develop active RYMV infectious clones, RYMV represent a candidate of choice to set up amplicon biotechnological tools.
Here, we set up experimental approaches to develop a RYMV amplicon tool to be used in rice. RYMV amplicon that we developed, carried a GFP sequence as gene encoding protein of interest. To optimize its production, GFP gene was integrated in the highly replicative subgenomic region. It replaced the CP ORF that has been described as dispensable for replication. We first set up experimental conditions to identify tissue displaying an optimal RYMV replication. Based on these finding, RYMV amplicon expression in rice leaves was optimized allowing viral amplicon replication for the first time in rice. These developments allow exciting perspectives for viral tool uses in rice such as amplicon and VIGS technologies for practical and fundamental exploitations, respectively.
MATERIALS AND METHODS

RYMV and rice material
RYMV amplicon was designed from the RYMVMg1 isolate genomic sequence (genbank number: AJ608210). After the stop codon ( 5' TAA 3' ) of ORF2b, a SnaBI restriction site ( 5' TACGTA 3' ) was inserted before the Tobacco etch virus (TEV) protease cleavage site, 5' GAAAACCTGTATTTTCAGGGA 3' . Right after, Green Fluorescent Protein GFP5-ER sequence (U87974) was inserted. A SpeI ( 5' ACTAGT 3' ) restriction site was added after the stop codon ( 5' TAA 3' ) of GFP5-ER sequence. T7 promoter was inserted at the 5' extremity of the RYMVMg1 sequence. T7 promoter sequence was the same as for Fl5 infectious clone:
5'
TCTAGACTGCAGTAATACGACTCACTATAG 3' with the T7 RNA polymerase promoter sequence (underlined), an additional G downstream residue and XbaI ( 5' TCTAGA 3' ) PstI ( 5' CTGCAG 3' ) restriction sites (Brugidou et al., 1995) . A BamHI restriction site was added at the 3' extremity of the construct. Amplicon::GFP de novo synthesis was performed by Genecust company as pUC57: amplicon::GFP clone. RYMV infection clone used is the Fl5 clone developed by Bugidou et al. (1995) from a Côte d'Ivoire isolate. RYMVMg1 and RYMVCia isolates were obtained from infected frozen leaves provided by Pinel-Galzi, IRD, Montpellier (France). Oryza sativa indica cvs genotype used in this study is the IR64 variety. It was chosen due to its susceptibility for RYMV infection (Ghesquière et al., 1997) .
Viral inoculation
RYMVMg1 and RYMVCia inoculation were performed on two-week old rice plants on the second to the last youngest leaves. Sap inoculum was prepared by grinding infected frozen leaves in 0.1 M inoculation buffer (Na2HPO4 0.1 M, KH2PO4 0.1 M, pH 7.2). Inoculations were done either by mechanical carborundum abrasion or syringe infiltration.
In vitro transcription and rice inoculation of amplicon::GFP and Fl5 construct
In vitro transcription of amplicon::GFP and FL5 constructs were done as previously described (Brugidou et al., 1995) . Basically, pUC57:amplicon::GFP and Fl5 clones were multiplied by overnight bacterial cultures. Plasmid DNA were purified (Promega) and linearized by HindIII or BamHI restriction for FL5 and amplicon::GFP constructs, respectively. After phenol: chloroform (1:1, v:v) purification, in vitro transcriptions by T7 polymerase (Promega) were performed in presence of the cap analogue m 7 G 5' ppp 5' G (New England Biolab). RNA production and integrity were verified by electrophoresis on agarose gel and UV visualization after Ethidium bromide staining. RNA quantifications were performed by OD600 absorption estimation by a NanoDrop spectrophotometer (ThermoFisher Scientific). Inoculation solutions were prepared by dilution of in vitro transcripts in 0.1M inoculation buffer to a final transcript concentration of 250 ng/µl. 20 µl were used per inoculation on leaves previously lightly rubbed with carborundum.
RNA extraction and RT-PCR analysis of gene expression
Total RNA was extracted from rice tissues using TriReagent (Euromedex). RNA samples were treated with RQ1 Rnase free Dnase (Promega) and quantified with a NanoDrop spectrophotometer. Reverse transcriptions were performed with M-MLV Reverse Transcriptase (Promega) using a 1:1 (v:v) mix of oligodT(15) primer and a RYMV specific primer designed on the 3' extremity of RYMV sequence on the reverse complementary orientation: 5' CTCCCCCACCCATCCCGAGA 3' . This primer mix allowed reverse transcription of mRNA and non poly(A) RYMV RNA populations. To detect either GFP or CP RNA accumulation from amplicon::GFP and Fl5 samples, respectively, RT-PCR were performed as previously described (Lacombe et al., 2010) using RYMV PB 5' CCAGGAAGGGCAAGAAAATC 3' and RYMV JB 5' CAGGGTAGTCGATCTCTGAG 3' primers. These primers were designed to surround GFP insertion site. They allowed amplification of a 1259 pb and 995 pb fragments from amplicon::GFP and FL5 cDNA, respectively. The endogenous Os EF-1α gene was used as internal loading control with the primer pair FOsEF-1α 5'
GCACGCTCTTCTTGCTTTCACTCT 3' and ROsEF-1α 5' AAAGGTCA-CCACCATACCAGGCTT 3' .
RESULTS
Design of RYMV Mg1 amplicon tool
Efficient amplicon tool has to display optimal replication and production of protein of interest. Consequently, we selected amplicon genomic background corresponding to a RYMV isolated displaying a strong replication capacity, RYMV Mg1 isolated from Madagascar. Indeed, it has been shown that this isolate overcome rapidly partial resistance during serial inoculation suggesting a strong replication capacity (Fargette et al., 2002) . For initial development, GFP encoding sequence has been chosen for its easy detection. For an optimal replication, it has been integrated into subgenomic part of RYMV genome ( Figure 1A ). CP was described as dispensable for virus replication (Brugidou et al., 1995) . In order to minimize RYMV genome structure modification, substitution of the CP ORF by the GFP coding sequences was proposed. However, CP ORF overlaps with ORF 2b at its 5' end. To maintain the ORF2b integrity, CP ORF replacement has to be partial with no change to the overlapping region. Consequently, GFP sequence insertion lead to a CP-GFP fusion protein production. In order to be able to obtain the expected protein of interest, a TEV cleavage site was inserted between the CP and GFP coding sequences to remove the CP part from the fusion CP-GFP protein ( Figure 1A ). T7 promoter sequence and insertion has been done as the Fl5 reference clone ( Figure 1A and B ). As rice genotype host, IR64 Oryza sativa genotype was selected based on its susceptibility to RYMV infection (Ghesquière et al., 1997) .
Spatio-temporal pattern of RYMV Mg1 viral accumulation in rice
In order to identify tissues that would be the most appropriated for protein of interest production from a RYMV based tool, we researched tissues displaying a strong RYMV accumulation. We considered natural RYMV Mg1 isolate as amplicon tool we produced has a RYMV Mg1 backbone. IR64 rice genotype was chosen because of its RYMV sensitive behavior. Sap inoculations were performed on the second to last youngest leaves by mechanical carborundum abrasion. Inoculated and systemic leaves and apical areas were collected from 2 to 20 days post inoculation (dpi) to follow RYMV RNA accumulation by semi-quantitative RT-PCR ( Figure 2) . In infected leaves, RYMV RNA accumulated increasingly from 2 to 20 dpi. In systemic leaves and apical areas, RYMV was only detected from 8 dpi and 14 dpi, respectively. As in inoculated leaves, viral RNA accumulated increasingly from theses stages. For each sampling time considered here, viral RNA accumulated more in infected leaves compared to others tissues considered. So, in term of quantity and presence during infection time, inoculated leaf tissues were chosen for the following experiments as tissues for protein of interest production from the RYMV Mg1 amplicon.
Viral accumulation in rice inoculated leaves
In order to specify areas in inoculated leaves where virus preferentially accumulated, inoculated leaves were virtually divided in three distinct zones: inoculated, upstream and downstream zones. In order to perform inoculation only in the inoculated area, RYMV Mg1 sap inoculation were performed in three spots by syringe infiltration ( Figure 3A) . RYMV Mg1 RNA accumulation was followed by RT-PCR on RNA extracted from samples collected at 4 and 8 dpi ( Figure 3B ). At both 4 and 8 dpi, viral RNA was only detected in the downstream area. This accumulation strongly increased from 4 to 8 dpi. Surprisingly, no viral RNA was detected neither in inoculated and upstream zones ( Figure 3B ). This result shows that RYMV Mg1 virus spread directionally and rapidly to the base of leaves. Consequently, in order to increase this tissue availability for amplicon multiplication, amplicon inoculation has to be done close to the top of leaves.
Amplicon::GFP replication in rice inoculated leaves
To verify if RYMV amplicon we designed is able to replicate in rice leaves, we tried to detect amplicon RNA in IR64 rice inoculated leaves. Viral RNA obtained after in vitro transcription such as for amplicon::GFP and Fl5 infectious clone, can be inoculated into rice leaf only by mechanical carborundum abrasion. Leaf infections were performed with amplicon::GFP RNA close to the top of leaves. Fl5 RNA and mock infections were used as positives and negative controls, respectively. Inoculated leaf samples were collected at 4 and 8 dpi. Viral RNA accumulations were followed by RT-PCR using primers amplifying either the GFP (1259 bp) or CP (995 bp) genomic regions for amplicon::GFP and Fl5, respectively detected at 4 dpi. No amplification was detected at 8 dpi but no amplification was noticed as well for the eIF-1α internal control suggesting a quality problem for this cDNA sample. As expected, amplification was detected for Fl5 samples at 4 and 8 dpi. The intensity of amplifications was much more important in the case of Fl5 compared to amplicon::GFP samples. These data suggest that amplicon::GFP is able to replicate in rice leaves but at low level.
Increasing amplicon::GFP replication by CP complementation through RYMV Cia helper strategy
Using Fl5 infectious clones mutated on CP ORF, Brugidou and collaborators demonstrated that CP was dispensable for virus replication in rice protoplast. However, the level of replication detected by northern blot was reduced compared to the wild type Fl5 (Brugidou et al., 1995) . This suggest that even if CP is dispensable for viral replication, it is required for a high level of replication probably by facilitating the cell-to-cell movement. The amplicon::GFP construct we designed does not have a CP gene because it is replaced by GFP gene. Therefore, in order to improve amplicon::GFP replication in rice, we proposed to complement the amplicon with an external CP. To do this, we used a wild type RYMV as a helper to bring its CP in trans for the amplicon::GFP. As we suspected a competition for CP availability may occur between amplicon::GFP and RYMV helper, RYMV Cia isolate was chosen as helper as it induced a moderated replication compared to other isolates such as RYMV Mg1 (Brugidou, unpublished data) . Several dilution factors for RYMV Cia sap inoculum were considerate to favor amplicon::GFP in the case of a competition for CP availability (2x, 10x, 10 2 x and 10 3 x dilutions). Sap inoculations of RYMV Cia helper were performed by syringe infiltrations of three spots close to the top of leaves. Two days after RYMV Cia helper inoculation, amplicon::GFP in vitro transcripts were mechanically brought by carborundum abrasion in helper inoculated leaves above initial spots. Inoculated leaf samples were collected at 4 and 8 dpi and viral RNA accumulation was followed by RT-PCR as previously described. At 4 dpi, RYMV Cia amplification was detected only in the case of helper dilutions 2x and 10x with a decreased intensity in agreement with the dilution factors. At 4 dpi, levels of amplicon::GFP amplification were similar for samples without helper and with helper dilution 2x, 10x and 10 3 x.
For sample corresponding to helper dilution x10 2 , an increased amplicon::GFP amplification was detected. This suggests that at this helper dilution, amplicon::GFP could benefit of CP from the RYMV Cia helper to increase its replication. For lower helper dilution, competition for CP availability would be in favor of the RYMV Cia helper. For dilution 10 3 x, helper may be too diluted to allow replication initiation and thus to produce CP. At 8 dpi, helper amplification is only detected for 2x dilution samples. This suggests that in the case of dilution above 2x, viral titer might not be enough to maintain replication. At 8 dpi, no improvement of amplicon::GFP accumulation is observed whatever the helper dilution. This could be explained by the fact that helper is not accumulating at dilutions above 2x and consequently cannot complement amplicon::GFP with its CP. At dilution 2x, helper accumulates strongly suggesting that competition for CP availability would be in favor of the RYMV Cia helper.
DISCUSSION
Work presented here set up experimental procedures to develop an active amplicon tool in rice. We first design the RYMV amplicon based on the previously acquired (2, 10, 102, 103) of RYMVCia inoculum are indicated. Two days after this initial inoculation inoculation were done with amplicon::GFP transcript. Mock and Fl5 inoculation samples were used as negative and positive controls, respectively. Tissues were collected at 4 and 8 days after the second inoculation. RYMV accumulation in these tissues was followed by semi-quantitive RT PCR of CP region from RNA extracted of each sample. Arrows indicated bands corresponding to amplifications of amplicon cDNA (1259 pb) and of Fl5 cDNA (995 pb). Amplification of Os eIF-1α was used as internal control. Amplicon vector DNA and rice cDNA were used as PCR positive controls for CP and Os eIF-1α amplification.
knowledge. RYMV Mg1 isolate background was chosen because of its expected strong replication behavior (Fargette et al., 2002) and CP genomic region was chosen to be replaced by the gene of interest due to its dispensability for RYMV replication (Brugidou et al., 1995) . We then identified infected leaves as the appropriated tissues for a high RYMV replication. This finding fit with the amplicon::GFP construct we designed. Indeed, using Fl5 infectious clone with mutations on CP ORF, Brugidou and collaborator demonstrated that CP is required for long distance movement (Brugidou et al., 1995) . As our amplicon::GFP construct is without CP, infected leaves are the most appropriated tissues for its use for protein of interest production. Using amplicon::GFP, we demonstrated that it was able to accumulate in infected leaves. However, the level of replication was reduced compared to Fl5 infectious clone control. This observation is in accordance with previous work on FL5 mutated on CP coding sequence (Brugidou et al., 1995) . Indeed, replication of Fl5 mutants was detected in rice inoculated leaves only by southern blotting after reverse transcription and PCR amplification. Classical northern method failed to detect any signal on samples corresponding to Fl5 mutants whereas a strong signal was detected for Fl5 control samples. These results demonstrated that Fl5 mutants on CP region replicated only at a low level suggesting that CP is required for a strong virus replication (Brugidou et al., 1995) .
In order to bring the missing CP to the amplicon::GFP, helper strategy was tested with a wild type isolate. It was previously shown that in the case of co-inoculation between two RYMV isolates, competitions occur between them leading to the exclusion of one of them and fixation of the other one (Poulicard et al., 2012) . We hypothesized that competition would be in favor to the most replicative isolate. We previously demonstrated that amplicon::GFP displayed a weak replication in inoculated leaves. In order to favor amplicon::GFP face to the helper, RYMV Cia isolate was chosen as helper due to its low replication behavior compared to other isolates such as RYMV Mg1 (Brugidou unpublished data) . Because amplicon::GFP need to recruit CP from the helper, an equilibrium has to be found between enough helper to produce the required CP and not too much helper to win the competition against amplicon::GFP. Several helper dilutions were tested. The 2x helper dilution is clearly in favor of the helper that tends to excluded amplicon::GFP. With the 10 3 helper dilution, helper titer may not be sufficient to initiate its own replication and consequently to produce the required CP. Equilibrium was found at helper dilution 10 2 with enough helper to produce CP and not too much to exclude amplicon::GFP. This lead to an improved amplicon::GFP replication at 4 dpi. However, this helper benefit is not maintained at 8 dpi due to an absence of helper replication and consequently of the required CP (Figure 4 ). All these data demonstrated that the helper strategy is valid to improve amplicon::GFP replication but equilibrium required is extremely delicate.
Transgenic rice lines expressing RYMV CP has been previously developed. It has been shown an increased RYMV accumulation in these transgenic plants compared to the wild type. This finding suggests that CP promote RYMV infection (Kouassi et al., 2006) . These transgenic lines could be used for RYMV amplicon exploitation.
Indeed, in this transgenic context, CP would be available for RYMV amplicon without competition as in the case of helper strategy. However, we cannot exclude that improvement of amplicon::GFP replication shown in the helper strategy is not due only to CP complementation but also to a favorable cellular context induced by helper replication. Indeed, it has been shown that RYMV particles stabilize in a specific pH and calcium cellular context (Brugidou et al., 2002) . Moreover, RYMV proteins have to recruit host proteins to perform their biological functions (Brizard et al., 2006) . Both of these works demonstrated that host cellular context plays a crucial role for an efficient RYMV replication. In the case of amplicon::GFP/helper co-inoculation, helper replication could induce a favorable cellular context that amplicon::GFP could benefit.
Conclusion
The work presented here shows promising results about Bamogo et al. 1075 the development of an amplicon tool based on RYMV to be used in rice. Exploitation of such a tool will be of a great interest for high value protein production such as therapeutics in a new non patented bio-system. Moreover, this RYMV based amplicon could also be exploited as VIGS tool in rice for fundamentals studies. This would be of major interest for the rice scientific community that can only use complex multipartite VIGS tools so far.
